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The field dependence of the electronic specific heat 7(H) of URhGe is determined using 
temperature-dependent magnetization measurements and Maxwell's relation for all three orthorhom- 
bic directions. A large (fs 40 %) enhancement of 7(H) is found at the reorientational transition for 
fields applied along the 6 hard axis, which we argue occurs when the field-induced moment is of 
the same size as the zero-field ordered moment Mo. Fields applied along the easy direction, on the 
other hand, lead to a rapid suppression of 7(H). We emphasize that this behavior is also applicable 
to the closely related ferromagnetic superconductors UCoGe and UGe2 and discuss implications for 
the novel field-induced/enhanced superconductivity in these materials. 
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Due to the weakness of the characteristic energies, 
magnetic fields (H) can induce drastic changes in the 
ground-state properties of heavy-fermion systems, par- 
ticularly on the magnetic fluctuations, which play a cru- 
cial role in the dressing of the quasiparticlc effective mass 
to*. For instance, in systems dominated by antiferromag- 
netic correlations, magnetic-field tuning leads to quan- 
tum criticality, pseudo-metamagnetism or paramagnetic 
depairing and can reveal a new interplay between antifer- 
romagnetism (AFM) and superconductivity (SC)»i~— Re- 
cently, spectacular effects, e.g. field-induced or enhanced 
SC^ 5 - have been reported in the Ising-likc ferromagnets 
(FM) URhGe and UCoGe, indicating that magnetic field 
can also cause strong modifications of their ferromag- 
netic properties. In particular, recent resistivity studies 6 
suggest that the field-induced SC can be explained by a 
field-induced enhancement of the effective mass, which 
has, however, not been determined directly. 

In this Letter, we report detailed magnetization mea- 
surements on a URhGe single crystal with accurate field 
alignment, from which we can derive directly the change 
of the effective mass for both transverse and longitudinal 
magnetic fields. In particular, we determine (i) the mag- 
netization curves M(0,H) at T=0 and (ii) the field depen- 
dence of both the Curie temperature Tcuric(H) and the 
Sommerfeld coefficient -f(H) using the Maxwell relation 
(dM/dT) H =(dS/dH) T . For comparison with UCoGe 
which has a lower r Curio (« 2.7 K) than URhGe (9.5 K), 
direct specific-heat measurements were performed down 
to 0.4 K for both compounds. The present data are com- 
pared with previous resistivity measurements used to de- 
termine the field dependence of the A(H) coefficient. 5 ' 6 
Our results indicate that an important parameter is the 
strength of the field-induced transverse moment with re- 
spect to the ordered moment Mo. For H || Mo, magnetic 
fluctuations are progressively suppressed by the field and 
the strength of the SC pairing is weakened, while for H 
_L M , magnetic field causes a decrease of the Curie tem- 
perature and an enhancement of both FM fluctuations 



and SC pairing strength. 

High-quality single crystals of URhGe were grown by 
the Czochralski method using a tetra-arc furnace.— Mag- 
netization measurements were performed with a Vibrat- 
ing Sample Magnetometer (VSM) down to 2K in mag- 
netic fields up to 14 T. 

Figure [1] shows the magnetization M(T,H) of URhGe 
as a function of temperature in several constant fields 
applied along the hard magnetization axis b, the easy 
direction being the c axis. The ferromagnetic transi- 
tion is easily detected in our measurements. Indeed, 
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FIG. 1: (Color online) Magnetization as a function of tem- 
perature for URhGe in different fields applied parallel to the 
crystal b- hard axis. The continuous transition line, Tcuric(H), 
appears as a maximum in the magnetization (red symbols). 
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when the transition line is crossed, the magnetization ex- 
hibits a maximum that becomes more pronounced with 
increasing fields. As reported previously,—^ the transi- 
tion is continuous for H < 12 T, and the temperature 
Tcurie(H) where it occurs decreases smoothly with in- 
creasing field parallel to b. Moreover, when the compo- 
nent induced parallel to b is small, the decrease of Tcuric 
is quadratic with field, as proved theoretically in the 
mean-field limit The relatively high value of Torfe 
allows to determine the K magnetization curve M(0,H) 
by fitting the low-temperature part of the M(T,H) data 
with the Fermi-liquid expression, 



M(T) = M - /3T 2 



(1) 



At 2K, the Tcuries/T ratio ~ 4 is large and allows to 
observe the T 2 dependence of M(H). Figure [2Jd shows 
the extrapolated values M(0,H) obtained for H | 6 as 
well as for H || a and c. The application of a field per- 
pendicular to the easy c axis, i.e. in the b direction, at 
zero temperature destabilizes the FM state, as demon- 
strated in FiglJk. FigEb shows that the magnetization 
along b increases strongly with field due to the quite large 
initial susceptibility \b and then increases sharply upon 
crossing the phase boundary at about 12 T from the FM 
phase to the polarized phase. This is the field at which 
the field-induced SC is most robust. We note that this 
phase transition occurs when the field-induced moment 
M(H) is approximately equal to the zero-field ordered 
moment along the easy direction, which will be discussed 
in more detail later. Interestingly, a linear extrapolation 
of M(0,H) from H > to H = exhibits a non-zero 
intercept, suggesting that the high-field phase also pos- 
sesses a finite ordered moment. This illustrates that the 
application of H perpendicular to the easy axis moves the 
system towards a FM instability. This tendency is clearly 
illustrated by the field dependence of Tc m ic shown in 
Fig for H || b. Here the accurate orientation of the 
magnetic field with the b axis is confirmed by the ob- 
served low value of which is extremely sensitive to 
field misalignment.— 

TABLE I: Properties of the three ferromagnets URhGe, 
UCoGe and UGe2 at ambient pressure. p c is the critical pres- 
sure where FM disappears. 
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FIG. 2: (Color online) a) Field dependence of Tcuric (black 
symbols, left-hand scale) and T c (blue symbols and right-hand 
scale, taken from Ref. Ijj) for H || b obtained from magneti- 
zation and transport measurements, respectively, b) Zero- 
temperature magnetization curves for H |j a, b and c. c) Field 
dependence of 7*(H) derived using the Maxwell relation for 
H || a, b and c. The inset shows the specific heat for H=0. 
The solid line is a fit to 7(m 6 )+B 3 T 2 for T > Tcurie- 



Figure shows the field dependence of the specific- 
heat linear coefficient -f(H), which is proportional to the 
average effective mass m*(H). It is calculated, for the 
three axes, by using the following Maxwell relation in 
the T -> limit, 



where (3 is taken from the fit of the M(T,H) curves to 
Eq. [TJ The resulting data are compared in Fig. [3] to 
the dependence of m* (H) obtained from transport^ and 
direct specific-heat measurements. For H || 6, the strong 
increase of j(H) at is in good agreement with a previ- 
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ous derivation of m*(H) obtained from the coefficient of 
the temperature dependent part of the resistivity A(H) 
oc (m*(H)) 2 (see Figj3j). On the other hand, for H||c, 
a continuous decrease of j(H) related to the suppres- 
sion of longitudinal fluctuations is observed, while only a 
tiny increase is observed for H || a. The relatively good 
agreement between the different data for H || b shows 
that (i) our procedure to derive ^(H) is correct since, for 
H || c, it accurately reproduces direct specific- heat mea- 
surements, and (ii) a rigorous alignment of H with the 
crystal fr-axis is crucial to strongly enhance m* and, as 
discussed in Refs.0andH, to promote reentrant SC with 
field. Indeed, small misalignements with respect to the b 
axis shift to higher fields and lower the enhancement 
of m*. 

Following Miyake et air- the effective mass m*(H) can 
be described by 



0.4 



m*{H) = m h + m**(H), 



(3) 



where is the renormalized band mass and m**(H) 
is the FM correlated mass associated with the FM in- 
stability. For URhGe, we can estimate these quantities 
in zero field using specific-heat measurements (see inset 
of Figj2]). From the T ->■ limit, we find that 7(0) « 
163 mJ mol -1 K -2 while 7(wb) ~ 110 mJ mol _1 K~ 2 is 
obtained from a fit to 7(mb) + B3T 2 (with B3 — 
0.6 mJ mol -1 K -4 ) for T > Tc U ric- Thus, a large value of 
7(0) does not necessarily signal the proximity to a ferro- 
magnetic instability since the absolute value of 7 depends 
also on the value of j(rrib) which can be rather high. It 
is the mass enhancement caused by the ferromagnetic 
correlations, 7o(m**) w 53 mJ moU 1 K~ 2 , that really 
matters. Here, we have implicitly assumed that j(mb) is 
field independent. As shown in FigJ2J:, this appears to 
be a reasonable approximation for URhGe since 7*(H) 
recovers the sole band-mass value w 7(771;,) in the limit 
of very high fields (H > 16 T) for H \\ c. 

In the following, we argue that this field-induced en- 
hancement of 7 is quite general and should also occur 
in UCoGe and UGe2- We expect a maximum of m* at 
the field where the moment along the hard direction is 
of the order of the ordered moment at zero field, and the 
low-field susceptibilities can be used to quantify this field 
for the different compounds. That is, the enhancement 
of m* will occur at Hf,=M /xf, and H a =M /xa- To test 
these predictions, we have calculated the characteristic 
fields Hi (i=a, b and c) for the three ferromagnetic su- 
perconductors URhGe, UCoGe and UGe2- These values, 
together with susceptibilities x^, are summarized in Ta- 
ble HI The peak of m*(H) at 12 T in URhGe and the 
maximum of A(H) around 15 T in UCoGe (see inset of 
Fig. coincide quite well with the derived values of Hb. 
Moreover, the observed rapid quenching of the ferromag- 
netic correlations for H c ss 2.5 T in UCoGe can be related 
to the abrupt changes in the field variation of C/T and 
of the A coefficient^ measured for H \\ c (see Fig. @|. 

Furthermore, the large value of Mo in UGe2 , explains 
why no drastic effects were observed in the transverse and 
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FIG. 3: (Color online) Comparison of the field dependence 
of the effective mass m* for H || b and H || c obtained from 
magnetization, specific-heat and transport measurements. 



longitudinal responses up to 30 T^i However, the mag- 
netic field parallel to the a easy axis can affect the SC 
pairing near p x « 1.2 GPa, where the system switches 
from the low-moment FM1 to the high-moment FM2 
phases and where T c (p) and 7(p) are maximumJ^r— For 
p > p c , the situation is completely different since tri- 
criticality is accompanied with a field reentrance in the 
FM1 phase through a first-order metamagnetic transi- 
tion which will end up at a quantum critical end-point 
(QCEP), pqcep ~ 2p c and H c ~ 16 T3i^ As UCoGe 
becomes FM already at p — through a first order tran- 
sition associated with a possible mixing of FM and PM 
phases depending on the crystal growth conditions^, 
similar effects can be expected. They can be the ori- 
gin of the small sharp maxima of C/T for H || c (see 
Fig. 2]). However, the weakness of Mq may explain why 
no large initial field-enhancement of C/T occurs. Basi- 
cally, in UCoGe, pqcep may be close to p c and Hqcep 
may be low. For URhGe, tricriticality does not need to 
be considered as the FM transition is of second order and 
pressure drives the system deep inside the FM region^ 
In conclusion, in URhGe and UCoGe, we have shown 
that an applied transverse field drives the system through 
a FM instability leading to a strong enhancement of the 
correlated effective mass. We find roughly a 40 % en- 
hancement of 7(H) at the field-induced FM instability, 
which must be related to a proliferation of magnetic fluc- 
tuations. The detailed nature of these fluctuations will 
have to be investigated using neutron scattering in the 
future, however our results suggest, as pointed out in 
Ref . I2O1, that the spins fluctuate mostly in the (b,c) plane, 
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TABLE II: Susceptibilities and characteristic fields of the 
three ferromagnetic superconductors URhGe, UCoGe and 
UGe2 . Data for UGe2 and UCoGe were taken from Refs. [TTI . 
[TgL respectively. 
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FIG. 4: (Color online) Field dependence of C/T for if || c 
at 0.45 K in UCoGe. The inset shows relative field variation 
of A(H)/A(0) for the field along a, b and c-axis, cited from 
Ref . \B 



since the transition occurs when the magnetization in the 
b direction is equal to Mo. In a sense, the magnetic field 
compensates the magnetic anisotropy opening the way to 
these fluctuations. The reported longitudinal and trans- 
verse field variations of to* have also a strong feedback on 
the field dependence of H C 2- Theoretical approaches have 
been derived recently in weak and strong coupling mod- 
elsi&^i In the first case, it is stressed that, in a two-band 
model inside the FM boundary, the magnetic field applied 
along the easy axis can lead to the collapse of the as- 
sumed dominant tT spin pairing. In the strong-coupling 
limit, the unusual enhancement of H C 2 is a combined ef- 
fect of the field dependence of the FM fluctuations and 
of the position of the nodes. Now new goals will be to 
observe the phenomena on the spin dynamics and to ana- 
lyze carefully the contrast between Heisenberg and Ising 
itinerant ferromagnets. For the Heisenberg ferromagnet 
ZrZn2, the field dependence of the NMR spin-lattice re- 
laxation time indicated that the magnetic field wipes out 
the FM fluctuations^ The novelty of the Ising itinerant 
ferromagnets is the transverse response with the field en- 
hancement of TO*. 
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